Optical assembly as a multiple optical trapping technique enables patterned arrangements of matter ranging from atoms to microparticles for diverse applications in biophysics, quantum physics, surface chemistry, and cell biology. Optical potential energy landscapes based on evanescent fields are conventionally employed for optical assembly of subwavelength particles, but are typically limited to predefined patterns and lacking in tunability. Here we present a microfiber photonic crystal cavity applicable for tunable optical assembly of subwavelength particles along a flexible path. This is enabled by excellent mechanical flexibility of the microfiber cavity as well as its broadband photonic crystal reflectors. By virtue of the broadband reflectors, the lattice constant of the assembled particles is precisely tunable via altering the wavelength of input light. Three-dimensional optical assembly is also realized by making use of the high-order transverse mode of the microfiber cavity. Moreover, the optical assembly process is detectable by simply monitoring the reflection/transmission spectrum of the microfiber cavity. The design of the microfiber cavity heralds a new way for tunable optical assembly of subwavelength particles, potentially applicable for development of tunable photonic crystals, metamaterials, and sensors.
Introduction
Optical trapping is a powerful technique for precise manipulation of matters ranging in size from atoms to microparticles, which has been widely used in biophysics [1] [2] [3] , quantum physics [4, 5] , surface chemistry [6] [7] [8] , and cell biology [9] [10] [11] . An optical trap is conventionally created by focusing a free-space laser beam to form a potential well. Atoms, molecules, and particles trapped in the potential well can be manipulated by steering or modulating the focused laser beam such that physical [12, 13] , chemical [14, 15] , and biological [16, 17] properties of the trapped objects can be probed or characterized by combination with other techniques such as fluorescence spectroscopy and Raman spectroscopy [18] . To further manipulate and pattern multiple objects as well as to investigate their interactions, multiple-beam optical trapping technique has been developed. By utilizing extra components such as refractive optics with multiple beam paths [4, 7] , spatial light modulator [19, 20] , and verticalcavity surface-emitting laser arrays [21, 22] , multiple optical traps can be generated simultaneously, which makes optical assembly of tiny particles accessible. However, the technique is based on multiple focused free-space light beams to generate optical potential wells, which is restricted by the diffraction limit. This makes optical assembly of subwavelength particles challenging, especially in a subwavelength spatial range.
Optical potential energy landscapes based on evanescent fields provide a promising solution to the above issue. Compared with free-space propagation light, evanescent fields are capable of being concentrated beyond the diffraction limit [23] [24] [25] [26] [27] [28] , which not only enables a subwavelength spatial resolution for optical assembly, but also relaxes the trapping requirement on input light power. Various configurations of optical potential energy landscapes based on evanescent fields have been demonstrated, including plasmonic-nanostructure arrays [29, 30] , photonic crystal slabs [31, 32] , and on-chip optical waveguides [33] [34] [35] . However, these optical potential energy landscapes are typically limited to the predefined patterns and lacking in tunability, which significantly reduces the degrees of freedom of optical assembly manipulations. This prevents them from being applied to a number of practical applications, such as tunable photonic crystals, metamaterials, and sensors.
In this Paper, we propose and theoretically investigate a microfiber photonic crystal cavity applicable for tunable optical assembly of subwavelength particles along a flexible path. Specifically, both the cavity design and optical forces exerted on assembled particles by the cavity are theoretically investigated and systematically analyzed by both finite-difference time-domain (FDTD) simulation and temporal coupled mode analysis. The tunability and flexibility of the optical assembly enabled by the cavity are also theoretically demonstrated. By virtue of broadband photonic crystal reflectors of the cavity, the lattice constant of the optical assembly is tunable via altering the wavelength of input light. By harnessing the excellent mechanical flexibility of the cavity, the optical assembly can be arranged along a flexible path. Three-dimensional optical assembly is also demonstrated by making use of the high-order transverse mode of the cavity. Moreover, remote detection of optical assembly can also be simply realized by the merit of the fiber-based configuration of the cavity. Our microfiber photonic crystal cavity overcomes the limitation of lacking tunability and flexibility in conventional optical potential energy landscapes, which is expected to enable diverse applications that require precise and tunable manipulation of optical assembly.
Model and design

Design of the microfiber cavity for optical assembly
Our designed cavity for optical assembly is a microfiber photonic crystal cavity as shown in figure 1(a) . The cavity comprising of two broadband photonic crystal reflectors is designed to be fabricated in a microfiber with the diameter of 1.73 μm tapered from an optical fiber. The distance L between the two reflectors is the cavity length, which also determines the length of optical assembly. The broadband reflector consists of eleven y-direction through-holes with a length h of 1.2 μm and a width t of 0.3 μm, which is arranged in a onedimensional array with a period Λ of 0.63 μm. Eleven through-holes are used for realizing the reflector as they are both sufficient and efficient to provide excellent confinement for achieving a high-Q cavity. These geometric parameters ensure a broad bandwidth of the reflector that permits the resonant mode of the cavity to be tuned in a broad spectral range, enabling tunability of the optical assembly period in a wide range. The reflection and transmission spectra of the broadband reflector based on the above design are calculated by using a three-dimensional FDTD simulation and shown in figure 1(b) . The simulation is conducted by using a homemade code. A reflectivity of ∼85% and a transmittivity of ∼0% are obtained in the bandgap while ∼15% of the light is scattered and converted into radiation modes due to the mode mismatch between the guide mode in the microfiber and the Bloch mode in the reflector. The fiber material silica is defined as a nondispersive and non-lossy material with a refractive index of 1.444 while the polarization of the incident wave is set parallel to the x axis, perpendicular to the direction of the through holes (y axis). On these conditions, a bandgap as large as 250 nm is realized as shown in the grey region of figure 1(b) . The Cartesian and cylindrical coordinate systems of the cavity are illustrated in figure 1(c) , where the origin is set at the central point of the cavity.
Optical forces for optical assembly
With the above design, we theoretically study the trapping performance of the microfiber cavity for optical assembly and compare it with that of a microfiber. Without loss of generality, the microfiber cavity with a cavity length L of 2 μm is selected as a general theoretical model for the study. The electric field magnitude distribution of the cavity interacting with a polystyrene (PS) particle with a diameter of 200 nm and a refractive index of 1.6 is shown in figure 2 (a). The PS particle is placed at the surface of the microfiber cavity with a coordinate of (0.965 μm, 0°, 0.25 μm) in the cylindrical coordinate system. The wavelength of the input light is 1.465 μm, corresponding to the resonant wavelength of the cavity illustrated in the reflection/transmission spectrum of the cavity in figure 2(b) . It can be observed the cavity exerts the optical force on the PS particle through the evanescent fields of the resonant mode. With the full-wave distribution, the optical force can be calculated by integrating Maxwell stress tensor T  over the surface S  enclosing the PS particle [23] :
where T  is defined as
with I  being the identity tensor, and ε, μ being the permittivity and permeability of the surrounding medium. With an input light power of 50 mW, the calculated optical force components on the PS particle exerted by the cavity in the cylindrical coordinate system are shown as solid lines in figure 2(c). At the non-resonant wavelengths of the cavity, all the optical force components F , j F , r and F z nearly equal zero. This is due to the high reflection rate of the reflector at the wavelength within the bandgap that leads to an extremely low electromagnetic field magnitude in the cavity. In contrast, at the resonant wavelength of the cavity, the electromagnetic field magnitude in the cavity reaches the maximum by virtue of the resonance of the cavity mode such that the magnitudes of all the optical force components F , j F , r and F z reach the maximums, which equals 0 pN, 1.53 pN, and 0.46 pN, respectively. F j keeps being 0 pN because the PS particle is placed at a symmetric point of the cavity mode that does not shift with the variation of the wavelength. In comparison, with the same input light power, the optical force components exerted on the same PS particle by a microfiber without the cavity are also calculated and shown as dash lines in figure 2(c). All the optical force components remain nearly unchanged with the variation of the input light wavelength. F j and F z keep being 0 pN because the PS particle is placed at a symmetric point of the fiber mode. However, F r is only about one tenth of that of the cavity, indicating that the cavity realizes one order of magnitude enhancement of the optical force. The larger optical force denotes better performance of trapping for optical assembly. Moreover, we conduct a temporal coupled-mode analysis to explain the enhancement factor induced by the cavity. The temporal coupled-mode equation of our microfiber cavity can be expressed as： 
where S 1 2 + | | is the power of the microfiber mode going towards the cavity, T res w ( ) is the transmission of the microfiber cavity that equals ,
and Q is the total quality factor that equals .
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For the same electric field distribution, optical force is proportional to the square of electric field magnitude. Thus, the enhancement factor EF of the optical force is
Here E c is the maximum electric field magnitude in the cavity while E 1 is the electric field magnitude in the microfiber without the cavity. The energy stored in the cavity A 2 | | can also be expressed by E c as
where ε is the permittivity of the cavity while V c is the effective volume of the cavity. where s and c are the effective cross-section of the microfiber and the propagation velocity of the microfiber mode, respectively. By making use of equations (4)- (7) and V sL, c = the enhancement factor EF of the optical force can be expressed as
Here L is the effective cavity length while res l is the resonant wavelength of the cavity. For the cavity shown in figure 2 , it can be obtained that T 2%,
The EF is calculated to be 10.9 by using equation (8) , which agrees well with our numerical simulation result, that is, one-order of magnitude enhancement of the optical force.
To investigate the positions and stiffness of the optical potential wells generated by the cavity, we study the dependence of the optical force on different coordinate variables in a cylindrical coordinate system. Firstly, we study the dependence of the optical force on the coordinate j. The PS particle is placed at a position where r, j, and z coordinates are 0.965 μm, 0°, and 0.25 μm, respectively. Then we calculate the optical forces on the PS particle with different values of the coordinate j as shown in figure 3(a) . The inset is the electric field magnitude distribution of the r-j plane that reflects the near-field interaction between the subwavelength particle and the cavity, where the polarization of the incident light is along x axis. The dependence of F j on the coordinate j of the particle is calculated and shown in figure 3(b) . F j varies from −0.3 to 0.3 pN with a period of 180°(black fitting line), which is determined by the symmetry of the near-field distribution. The corresponding potential energy of the PS particle is also calculated as the purple line. The optical potential wells centers locate at the coordinate j of 0°, 180°, and 360°, indicating where the subwavelength particle will be trapped. The dependence of F r on the coordinate j is calculated and shown in figure 3(c) . F r reaches the maximum of about −1.53 pN when the particle is placed at the coordinate j of 0°and 180°while it reaches the minimum of about −0.42 pN when the particle is placed at the coordinate j of 90°and 270°. This is due to the symmetry of the evanescent field distribution as shown in the insets of figure 3(c) . As the polarization of the input light is along xaxis, the gradient of the light intensity is the largest at the coordinate j of 0°and 180°. The dependence of F z on the coordinate j is shown in figure 3(d) where the variation of F z follows the variation rule of F r on the coordinate j.
Then we study the dependence of the optical force on the coordinate r. The PS particle with different values of the coordinate r, but with a fixed coordinate j of 45°and a fixed coordinate z of 0.25 μm, is schematically shown in figure 4(a) . To directly observe the near-field interaction between the cavity and the PS particle, the electric field magnitude distribution of the system is shown in figure 4 (a) where the particle is placed at the coordinate r of 0.965 μm, which means the particle is attached on the surface of the cavity. The dependence of F r on the coordinate r is calculated and shown in figure 4(b) . The blue fitting solid line depicts the variation of F r on the coordinate r while the purple solid line represents the variation of the corresponding potential energy. The magnitude of F r exponentially decreases with the increase of the coordinate r. This is because the evanescent field magnitude decays exponentially with the increase of the coordinate r. The negative sign of F r means the force directs to the negative direction of the coordinate r. Therefore, F r is able to attract the particle to the surface of the cavity. The balance between F r and the support force from the microfiber helps trap the particle along the coordinate r. The dependence of F z and F j on the coordinate r are also calculated and shown in figures 4(c) and (d), respectively. Both of them decrease exponentially with the increase of the coordinate r as F . r F z directs toward the positive direction of the coordinate because the particle is placed at the coordinate z of 0.25 μm. The insets illustrate the electric field magnitude distribution of the system with the coordinate r of the particle being 1.065 μm and 1.365 μm, respectively. The particle with a smaller value of the coordinate r stands a stronger force exerted by the cavity.
We also study the dependence of the force on the coordinate z. The PS particle with different values of the coordinate z, but with a fixed coordinate j of 45°and a fixed coordinate r of 0.965 μm, is schematically illustrated in figure 5(a) . The electric field magnitude distribution of the system in r-z plane is shown in the inset of figure 5(a) . Due to the constructive interference of the cavity mode, the evanescent field magnitude varies periodically along the cavity, which forms a periodic array of optical potential wells. This results in the periodic variation of F z and its corresponding potential energy along the coordinate z as shown in figure 5(b) . The period of the optical potential wells determines the period of the optical assembly, which equals the distance between two adjacent resonant peaks of the longitudinal mode of the cavity. The dependence of F j and F r on the coordinate z are also calculated and shown in figures 5(c) and (d), respectively. Both of them share the same variation period along the coordinate z as F .
z The inset of figure 5(c) illustrates the electric field magnitude distribution of the cavity interacting with the particle which is at the coordinate z of −0.25 μm, 0 μm, and 0.25 μm, respectively. Both magnitudes of F j and F r reach the maximums at the coordinate z of −0.3 μm and 0.3 μm while reach the minimums at the coordinate z of 0 μm.
Tunable, detectable and flexible optical assembly of subwavelength particles
Based on the above design and the analysis of the microfiber cavity for optical assembly, we utilize the cavity for tunable, flexible, and detectable optical assembly of subwavelength particles. We select the cavity with a cavity length L of 50 μm as an example for the optical assembly, which is schematically shown in figure 6(a) . The subwavelength particles are assembled at the optical potential wells generated by the cavity, which has been analyzed above. The transmission and reflection spectra of the cavity are also calculated and shown in figure 6(b) . For the cavity with such a long cavity length, tens of longitudinal modes with Q factors above 3000 can be generated by virtue of the broad bandwidth of the cavity reflectors, which provides the possibility of tuning the period d of the optical assembly by changing the input wavelength of the cavity. As shown in figure 6(c) , by changing the input wavelength from 1.398 to 1.595 μm, the period d of the optical assembly can be tuned from 535 to 625 nm with a tuning step of 6.4 nm. The evolution of the optical potential wells with the tuning input wavelength is simulated and illustrated in the insets of figure 6(c) . Moreover, the optical assembly process is detectable by monitoring the reflection/ transmission spectrum of the system. A redshift of 0.65 nm for the resonance peak at the wavelength of 1.581 μm is observed after the optical assembly of the 200 nm PS particles, which is demonstrated in figure 6(d) . By making use of the in-fiber configuration of the cavity, it is possible for remote detection of the optical assembly via losslessly inserting the cavity into an optical fiber-based communication system. Furthermore, by virtue of the excellent mechanical flexibility of the cavity, the optical assembly can be arranged along a flexible path. The mode distribution of the cavity with various flexible paths are shown in figure 6 (e). It can be observed that the bending angle of the cavity varying from 30°to 90°has little influence on the cavity mode, indicating the availability of the cavity for optical assembly along a flexible path.
Three-dimensional optical assembly of subwavelength particles
By making use of a high-order transverse mode of the microfiber cavity, we further demonstrate its capability of realizing three-dimensional optical assembly of subwavelength particles. The schematic diagram of the threedimensional optical assembly enabled by the HE 21 mode of a 50 μm-long microfiber cavity as an example is illustrated in figure 7(a) . The inset of figure 7(a) shows four subwavelength particles trapped by four optical potential wells generated by the HE 21 mode at the x-y plane. To study the three-dimensional optical potential wells generated by the microfiber cavity, the electric field magnitude distributions at the resonant wavelength of 1.386 μm are calculated and shown in figure 7(b) . It can be observed that the electric field magnitudes of the optical potential wells generated at the x-z plane are larger than those at the y-z plane. This is because the broadband reflectors comprising of y-direction through-holes are anisotropic. For x and y polarizations states, the parameters shown in equation (8) such as the transmission T res w ( ) and the quality factor Q have different values, which results in the different field enhancement within the cavity. To further investigate the optical potential wells generated by the highorder transverse mode, the dependence of F j (black fitting line) and its corresponding potential energy (purple line) on the coordinate j are calculated and shown in figure 7(c). The PS particle used for calculating the optical force is placed at z 0.29 m, m = which corresponds to one of the electric field magnitude peak positions of the longitudinal mode. Four optical potential wells are indicated by the potential energy valleys at the coordinate j of 0°, 90°, 180°, and 270°. The transmission (red line) and reflection (black line) spectra of the high-order transverse mode of the cavity are also calculated and shown in figure 7(d) . The bandwidth of the photonic crystal reflectors for the high-order transverse mode indicated by the reflection profile in the figure is smaller than that in figure 6(b) , further verifying the anisotropy of the reflectors. Also, tens of longitudinal modes with Q factors above 1000 are generated within the bandgap region of the reflectors. Compared with the Q factors in figure 6(b) , the lower Q factors of these longitudinal modes indicate a higher cavity loss for the high-order transverse mode. Moreover, the broadband reflectors which is also applicable for the highorder transverse mode enables tunable three-dimensional optical assembly as shown in figure 7(e) . By changing the incident wavelength from 1.302 μm to 1.420 μm, the period d of the optical assembly can be tuned from 535 nm to 602 nm with a tuning step of about 6 nm. The evolution of the optical potential wells with the tuning input wavelength are illustrated in the insets of figure 7(e) . Additionally, the threedimensional optical assembly process is also detectable as shown in figure 7(f) . A redshift of 2.83 nm for the resonance peak at the wavelength of ∼1.387 μm is observed after the optical assembly of the 200 nm PS particles. The larger redshift originates from more optical potential wells generated by the high-order transverse mode around the microfiber cavity that enhance the optical interaction between the cavity and the PS particles. 
Conclusion
In conclusion, we present design of a microfiber photonic crystal cavity applicable for tunable optical assembly of subwavelength particles along a flexible path. Both the cavity design and optical forces enabled by the cavity for the optical assembly are theoretically investigated and systematically analyzed by both FDTD simulation and temporal coupled mode analysis. Compared with a simple microfiber, one order of magnitude enhancement of the optical force for the optical assembly is achieved by the cavity. To further optimize the microfiber cavity design for a higher Q factor, for example, adding a transition region (air holes with gradually varied sizes) to decrease the radiation loss induced by the mode mismatch, a higher enhancement of the optical force can be expected. By virtue of the broad bandwidth of 250 nm of the photonic crystal reflectors, the period of the optical assembly is tunable from 535 to 625 nm with a tuning step of 6.4 nm via changing the input wavelength from 1.398 to 1.595 μm. Remote detection of the optical assembly is also realized by monitoring the reflection/transmission spectrum of the cavity. Moreover, the excellent mechanical flexibility of the cavity enables the optical assembly of subwavelength particles along a flexible path, which is verified by the simulation of the cavity with a bending degree ranging from 30°to 90°. Furthermore, tunable three-dimensional optical assembly is also demonstrated by making use of the high-order transverse mode of the cavity. Our microfiber photonic crystal cavity creates a new way for tunable optical assembly of subwavelength particles, which is expected to find applications in tunable metamaterials, photonic crystals and sensors.
